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ABSTRACT 

A feasibility study was undertaken of a gaseous core nuclear reactor 
designed to produce power to also reduce the national inventories of long- 
lived reactor waste products through nuclear transmutation. Neutron-Induced 
transmutation of radioactive wastes can be an effect ive means of shortening 
the apparent half life. 
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NUCLEAR WASTE DISPOSAL UTILIZING A GASEOUS CORE REACTOR 


Introduction 

A major objection to the increased use of nuclear electric**power generation 
stems from envisioned difficulties related to the disposal and management of 
hazardous radioactive wastes. The vast majority of radioactive wastes are 
short-lived and easily managed with present waste disposal management techniques. 
However, several isotopes present in nuclear fission reactor wastes have half- 
lives of several thousands to several millions of years. These problem wastes 
are the main point of focus in the debate over disposal of nuclear wastes. 

Ultimate disposal of the extremely long-lived wastes could reduce the 
waste disposal problem to humanly controllable time scales. Removal of long- 
lived wastes from the total accumulated waste would be the first step in this 
direction. Separation of iodine-129, the trans-uranium actinides, and other 
long-lived isotopes could be accomplished at several different stages in the 
waste disposal cycle. This could mean extraction at the fuel reprocessing site, 
after a five to ten year cool-down period, or after a 20 to 30 year decay 
interval. These separated long-lived wastes would be disposed of by methods 
which would completely remove them from the biosphere and hence any further 
consideration. Extraterrestial transport of nuclear wastes (ETT) may become 
feasible in light of recent advances in the space program. Ultimate disposal 
into deep space or the sun is a remote possibility. The only other presently 
known method of ultimate disposal is through the process of neutron-induced 
nuclear transmutation. Induced nuclear transmutation of radioactive wastes 
converts long-lived problem wastes into relatively harmless short-lived or 
stable isotopes. 


TRANSMUTATION OF RADIOACTIVE WASTES 


I ''id 


The concept of neutron-induced transmutation of radioactive wastes was 

first suggested by Steinberg et nl . |1] as a means of effectively shortening 

85 90 137 

the hslf-llves of waste Kr , Sr , and Cs . This would be accomplished in 
a neutron flux through the reactions 


Kr®^(n,Y)Kr^^ (stable) 


Sr^°(n,Y)Sr^^ , - yl > A".! > Zr^^(stable) 


9.A8 hr 


58.6 d 


137,_ .,,^138 B 


138, 


Cs*-''(n,Y)Cs""‘' stable) 

iL, i. m 


In examining the neutron capture cross sections for those reactions they con- 

16 2 

eluded that neutron fluxes approaching 10 n/cm sec would be necessary for 
shortening the half-lives appreciably. They further suggested that the most 
logical approach would be through the use of dual-purpose facilities for power 
production and waste transmutation. In such a scheme the major cost of waste 
burning, namely the cost of producing neutrons, is written off against the 
cost of electric power generation. 

Wolkenhauer [2] has studied transmutation of high-yield fission products 
90 137 

Sr and Cs in a controlled thermonuclear reactor (CTR) blanket. Gore and 

137 

Leonard [3] have also studied transmutation of massive loadings of Cs in 

137 

CTR blankets with special flux trap designs. Cs represents the most dif- 
ficult case for this technique because it has the lowest thermal neutron cap- 
ture cross section of the moderately long-lived fission products. 'Iliese 
schemes appear attractive since the CTR power plant operating on a deuterium- 
tritium fuel cycle would produce an excess of neutrons. Within a few decades 
auch systems may be found technically and economically feasible. 


141 


Claiborne 14J haa considered dlBjtosal by transmutnLlun of transuranium 
actinide wastes. Most of those long-lived alpha emitters have appreciable 
neutron capture and/or fission cross sections. Table 1 gives the capture and 
fission cross sections at thermal and resonance energies used by Claiborne. 
Actinide transmutation occurs by direct fission such as 


and 




(n,f) 


Am (n,f) , 


or by neutron capture followed by fission such as 


, 241, 242, 

Am (n,Y)Am (n,f) 

and 

243 244 

Am (n,Y)Am (n,f) . 


In this scheme, those long-lived actinides are continuously recycled back 

into power reactor fuel elements and in this manner burned out. At fluxes 

13 13 2 

presently available in power reactors (10 - 5 x 10 n/cm sec) this would be 

a somewhat slow process spanning over several decades. Furthermore, serious 
problems arise in handling and safeguarding the recycled actinides during 
fabrication of fresh fuel elements. 


Requirements for ‘Transmutation of Radioactive Waste 

Given a high enough neutron flux or a long enough period of Irradiation 
any isotope with a non-zero neutron capture cross section can be transformed 

into other isotopes. However, the transmutation of radioactive waste imposes 
a number of constraints upon the process. 


TABLE 1. THERMAL CROSS SECTIONS AND RESONANCE INTEGRALS 
FOR CAPTURE AND FISSION IN THE 
TRANS PLUTONIUM ACTINIDES 


Nuclide 

Thermal 

Cross Sections 
(barns) 

Resonance Integrals 
(barns) 


Capture 

Fission 

Capture 

Fission 

95*“ 

925 

3.1 

2150 

0 

._242m 

9S*“ 

2000 

6000 

0 

0 

95*“ 

0 

2900 

0 

0 

. 243 

95^ 

105 

.5 

1500 

1,5 

95*“ 

0 

2300 

0 

0 

. 24S 

95^ 

0 

0 

0 

0 

_ 242 

96^ 

30 

5 

0 

0 

. 243 

96^ 

200 

600 

500 

1850 

^244 

96^^ 

10 

1.2 

650 

12.50 

rm2<5 

96®" 

343 

1727 

120 

1140 

96^® 

1.3 

0 

121 

0 

- 247 

96^® 

60 

120 

500 

1060 

96®" 

3.6 

0 

170 

0 

96®" 

2.8 

50 

0 

0 

r™250 

96®" 

2 

0 

0 

0 

«..249 

97"'^ 

1450 

0 

1240 

0 

Br250 

97 BR 

350 

3000 

0 

0 

^,249 

98^^ 

450 

1690 

1.5 

2920 

Cf250 

98^* 

1900 

0 

11600 

0 

:,^251 

98''*' 

2850 

3750 

1600 

5400 

«^252 

98^*^ 

19.8 

32 

44 

110 

98C£253 

12.6 

1300 

0 

0 

98Cf254 

50 

0 

1650 

0 




The selection of prospective candidates for waste iransnutatlon must 

begin with the radioactive wastes themselves. Reaction rates for neutron- 

induced transmutation processes can be specified In terms of neutron capture 

and/or fission cross sections. Unfortunately, hlgh-yleld fission product 

wastes have small neutron capture cross sections. An example Is the cap- 

85 

ture cross section for the (n,Y) reaction In 10.7 year half-life Kr 
At the time of Steinberg's study [1], the thermal neutron capture cross 

“ g5 

section of Kr was believed to be 15 barns. Using this figure It was con- 

85 

eluded that disposal by transmutation at Kr could be economically and tech- 
nically feasible. A recent measurement {5] of this cross section found It 
to be 1.66 i 0.20 b. Thus, an order of magnitude Increase In the fluence Is 
required to reach feasible transmutation levels. 

Another criterion for neutron-induced transmutation of radioactive waste Is 
Isotropic purity. If maximum utilization of available neutrons Is to be achieved 

Isotopic Impurities of a given waste Isotope must be eliminated or reduced to 

85 

lowest possible content. In the case of Kr transmutation, three stable krypton 

83 84 86 85 

Isotopes, Kr , Kr , and Kr are present with Kr In fission wastes. The 

85 

low concentration of Kr In krypton wastes (7.2 percent) and its low capture 

83 85 

cross section compared with Kr (0^ = 2.5 barns) makes enrichment of Kr° 

necessary. 

A final requirement for successful transmutation of radioactive waste is 

that the end product nuclide of the transmutation process be no more hazardous 

than the Initial waste product. The Ideal end product of a transmutation 

process would be a stable nuclide with a zero neutron capture cross section. 

129 6 

A nearly Ideal nuclide In this respect Is waste 1 ^^ 1/2 * ^ years). 

The transmutation reactions In this case are 


NUCLEAR WASTE DISPOSAL UTILIZING A GASEOUS CORE REACTOR 


Introduction 

A Mjor objection to the increased use of nuclear electrlc~pover generation 
stems from envisioned difficulties related to the disposal and management of 
hasardous radioactive wastes. The vast majority of radioactive wastes are 
short-lived and easily managed with present waste disposal management techniques. 

t 

However, several Isotopes present in nuclear fission reactor wastes have half- 
lives of several thousands to several millions of years. These problem wastes 
are the main point of focus in the debate over disposal of nuclear wastes. 

Ultimate disposal of the extremely long-lived wastes could reduce the 
waste disposal problem to humanly controllable time scales. Removal of long- 
lived wastes from the total accumulated waste would be the first step in this 
direction. Separation of lodlne-129, the trans-uranium actinides, and other 
long-lived isotopes could be accomplished at several different stages in the 
waste disposal cycle. This could mean extraction at the fuel reprocessing site, 
after a five to ten year cool-down period, or after a 20 to 30 year decay 
Interval. These separated long-lived wastes would be disposed of by methods 
tihlch would completely remove them from the biosphere and hence any further 
consideration. Extraterrestial transport of nuclear wastes (ETT) may become 
feasible in light of recent advances in the space program. Ultimate disposal 
into deep space or the sun is a remote possibility. The only other presently 
kno%m method of ultimate disposal is through the process of neutron- induced 
nwlear transmutation. Induced nuclear transmutation of radioactive wastes 
converts long-lived problem wastes into relatively harmless short-lived or 
stable isotopes. 






12.4 hr 


1 


131 



(n,Y) (n,Y) 

(stable) (stable) (stable) 


«pu 129 

^us even with several reaction paths the vast majority of 1 will be con- 
verted to stable isotopes of xenon. The situation is more complex in the case 
of actinide waste transmutation. In a sustained irradiation of waste actinides 
such as curltUB, quantities of higher actinides, such as berkellum and califor- 
nium will Inevitably be formed. These higher actinides are generally alpha 
emitters with varying half-lives. 

Tranwmtatlon Systems and Waste Disposal 

129 

The transmutation of I Is first examined in the following. After a 

160-day decay period, the short-lived iodine isotopes 1^®^, 

m 127 ft 129 

and 1 decay away leaving stable I and the 15.9 x 10 year half-life, I 

127 

The spent fuel from present day LWRs contains about 40 grams/MTU of I and 
129 

231 graros/MTU of I at 160 days after discharge and 33,000 MWD/MTU bumup. 

These two Isotopes constitute roughly 0.78 percent of the total fission product 
129 

wastes with the 1 Isotope being about 85 percent of this amount. 

129 

The proposed means for disposal of I by Induced nuclear transmutation 

130 

is by neutron capture to I which beta decays with a 12.4 hour half-life to 

stable Xe^^^. The thermal neutron capture cross section for the (n,y) reac- 
129 

tion in I is 28 barns and the resonance Integral is 50.4 barns. The re- 

127 

maining 15 percent of LWR iodine wastes is stable I with a thermal neutron 


absorption cross section of 6.2 barns and a resonance integral of 177 bams. 


I 'I'l 


A Bclicnuitlc of Llio propofU'tl iiyutrni Is nliown la Klp.iin* I. 'Iln' HS pt-rrcMit 
129 127 

1 -15 percent 1 mixture nvallnble directly from llie fuel reprocesr. Inp, 

1?9 

plant an liquid I 2 would l»e euriclied to 95 percent 1 In an Isotope enrich- 
ment facility. A laser Isotope separation facility would be ideally suited 

129 

for such a small scale operation. The enriched I would be In.sert ed In 

129 

the core of the power-burner reactor in a suitable concentration. Tl>e I 

upon capturing a neutron and decaying to stable xenon isotopes, primarily 
130 

Xe could be harmlessly vented to the atmosphere or sold commercially. 

■ ■ 129 

The specification of I enrichment is optional, but desirable from the 

129 

standpoint of maximum neutron utilization lt>r 1 ^ buinlng. If 100 kg of 

129 127 

unenriched iodine waste (85 percent I -15 percent I ) is Initially loaded 

for transmutation and exposed to a thermal neutron flucnce such tliat 50 kg 

129 127 

of I are transmuted, then about 2.6 kg of stable 1 .are also tr.ansmuted 

127 129 

to stable Xe . Irradiating 95 percent 1 enriched iodine in the same 

129 127 

fluence results In the transmutation of 55 kg of I and only 0.9 kg of I 

Tlje actinide transmutation system would Involve lo.iding of several waste 
Isotopes simultaneously for transmutation. llie actinide wastes considered 
here are the isotopes of americium aiid curium, llie amounts ol the signifi- 
cant isotopes present in LWR fuel wastes following a ten year decay period 

2A1 243 

are shown in Table 2. Tlie two prevalent Isotopes are Am and Am . llie 

most important Isotope present in curium wastes Is llie 18.1 year hall -life 
244 

Cm . A decay Interval of ten ye.irs after dlacharg.e from the re.irior is 
reasonable to allow the wastes to cool dov.^l. Following this cool-dowti pel lod 
the wastes would be loaded into the power-burner reactor lor transmutation. 
After irradiation the transmuted waste would be removed 1 rom the reactor and 
stored to allow decay of short-lived aillnldes. Following llil.s cool-down 


period the fission product wastes would he chemically ninoved ;ind the retiuilnln 



12‘J 

Pathway tor J W.isto Transmutat ion 
in the Gascou:;-Core Kcactor. 


Figure 1 











TABLE 2 
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. REIJ^TIVE AND ABSOLUTE AMOUNTS OF AMERICIUM AND 
CURIUM ISOTOPES PRESENT IN AMERICIUM AND 
CURIUM WASTES FROM ATLANTIC 1 REFERENCE LWR FUEL AT 
TEN YEARS AFTER DISCHARGE AT 33,000 MWd/MTU DURNUP 


Isotope 

Concentration 

in 

Spent Fuel 
Grams/MTU 

Grams in 
Spent Fuel Load 

Percent of 
Isotope 
Present in 
Element 

241 

Am 

48.3 

4166.84 

32.37 

. 242b 
Ab 

.92 

79.37 

.62 

242 

Am 

1.10 X lo’^ 

.001 

Ins iynif i cant** • 

» 243 
Ab 

100 

8627.0 

67.01 

. 244 
Ab 

Insignificant* 

Insignificant** 

Insignificant*** 

, 245 
Ab 

Insignificant* 

Insignificant** 

Insignificant*** 

Total Ab 

149.22 

12873.21 

100 

rs-242 

CB 

2.21 X lO"^ 

.191 

Insigni f icant •*• 

0-243 

CB 

.0679 

5.86 

.28 

^244 

22.1 

1906.57 

89.98 

0-245 

Cm 

2.14 

184.62 

8.72 

0-246 

CB 

.251 

21.65 

1.02 

0-247 

CB 

3.31 X 10“^ 

.286 

Insignificant*** 

_24B 

On 

2.29 X 10“^ 

.0198 

Insigni f icant*** 

249 

Cb 

Insignificant* 

Insignificant** 

Insignificant*** 

O-250 

Cb 

Insignificant* 

Insignificant** 

Insigni f icant*** 

Total Cb 

24.56 

2119.20 

100 

•Denotes 
• ‘Denotes 
*• ‘Denotes 

S 10“^ grams/KTU. 
< 10"^ greuas. 

5 0.1%. 
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ncClnldcH would he recyclotl Into the next lundinf', of wnrile. A Hchetiwit tr ol 
the actinide transmutation system Is shown in Figure 2. 

THE GASEOUS-CORE NUCLEAR REACTOR CONCEPT 


Gaseous-fueled, externally moderated cavity reactors have been under 
theoretical investigation In tlie United States since aln>tit 19^4. 11ie prlnuiry 
motivation for developing the gaseous-core reactor has been for high specific- 
impulse nuclear rocket propulsion. Tlie two configurations that have received 
the most attention are: (1) the open cycle concept, in which the fissioning 

fuel is partially confined in the core by vortex-general ed hydrodynamic forces, 
and (2) the closed cycle or nuclear light bulb concept, wliere tfie fuel is 
physically contained within a thin, radiation-transparent wail and recirculated 
for removal of fission product poisons. Uranium-23!i fueled core regions 
ranging from 0.5 to four meters in diameter surrounded by reflector-moderator 
regions of practical thickness require minimum critical masses ranging from 
one to thirty kilograms. The critical particle densities of fissionable nuclei 
correspond to molecular densities of gases at less tfmn atmospheric pressure. 


Of the possible gaseous fuels enriched uranium hexafluoride is the most 
Obvious first choice. It sublimes at 54.6"C at atmospheric pressure and re- 
pairs completely in the gaseous state at temperatures below 2000“K 17). Three 

gaseous-core experimental facilities have been constructed to date. A 1.5 
2 35 

kW(t) U F fueled researcli reactor w.is constructed In t fie USSR In t fie late 

6 

1950s (8). Two gaseous-core researcli reactors have l;een const rurt<-d In the 
United States. The most recent was a splierical gas-core critical experiment 
19,10] performed in early 1970 at the National Reactor Testing Station. 


The gaseous-core reactor concept has found little teirestlal application 
to date. A recent patent disclosure (11) proposes a UF^ fueled reciprocating 


l/t'» 


lEL 



Figure 2 


Pathway for Actinide War. tc Transmutation 
In the Gaseouc-Coro Reactor. 
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LMiglnL*. Hilu piiiBL‘«J iiiiclfar toacloi coin-cpi ia iuui 1 op.uua in tin- liiiriiial 
combustion undine; only tin* working l luld la a Ul'^-llr inlxiiut* aiul lln* apaik 
plug Is an artificial neutron source. A detailed analysis 1 I? ) of the concept 
concludes that efficiencies greater than 40 percent are attainable. An 8400 
KW(e) MHD power plant design has been proposed [13] which takes advantage of 
the high temperatures generated in the fissioning uranium plasma. This analysis 
concluded that large commercial power plants using a gaseous-core nuclear heat 
source coupled to the MHD generator could have thermal efficiencies in excess 
of 70 percent. Another design study by Grltton and Plnkel [14] indicates that 
attractive power levels in reactors of practical size can be obtained with gas 
pressures and wall temperatures within the potential capability of known 
structural materials. For a spherical gas core reactor with a radius of 132.4 
cm to generated about 4000 MW(t) would require a uranium partial pressure of 
about 11 atmospheres. Practical heat removal considerations witl< water and 
lithium as coolants limit power output to 200 to 1500 MW(t), respectively, for 
a static fuel configuration. 


The Dual Purpose Gaseou s- Core P ower-Produ ct ion , JVast J|i ai^sniut .it Ijjn Fac i 1 1 1 y 


The design of such a dual purpose facility would ideally combine both the 
economic production of electric power with attractive rates of transmutation 
for radioactive waste disposal operations. Tills means high efficiencies and 
high neutron fluxes are necessary. 

Figure 3 shows a schematic cross section of tlie proposed p,aseous-core 

reactor. The fuel is UF enriched to 6 perctuit IJ . The Interior core region 

0 

is four meters in diameter surrounded by a ref lecLur-muderato'' of with a 

t'’tcknes8 of 500 cm. llte D^O is encam*d in an outet lel lector of 'lOO cm 


.f 
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uL reacLur grudu graplillt.*. Tin* addli loiuil onin v.> -M'l' ^ I" 

vlded to return as many of Llie neutrons to the core as posKlbJe. 

Figure 4 shows u possible flow diagram lor the IJF^ gaseous-^coi e i«mi tor. 

Fuel flows through the core, and is heated internally by fission energy. Hie 

gaseous UF, leaves the reactor at 1800“K and 800 psi and enters the regenerator 
0 

where it gives it some of its sensible he.at to an intermediate lielinm coolant 
loop. The UF- then goes through the primary heat exclianger giving up the 

D 

remainder of its sensible heat and its latent heal t»i t Ite helium working ilnid. 
From there the UF^ liquid at 600°K enters a sump tank. Here all the volatile 
fission products are removed. These Include Kr. fluoride compound.*: ol iodine 

and several others. Nonvolatile fission products could be removed by an on- 
line reprocessing stream utilizing the fluoride volatility process [1S|. 

From the sump tank the liquid UF is pumped tlirough an evaporator at H00''K 

b 

and returned to the core. 

Electric power could be produced if the helium working fluid was expanded 

in a turbine and recirculated back to the heat exchanger. Assuming tlie waste 

heat from the UF,-lle cycle was rejected to the surrtruiui lugs at 100“F (Aj^C) 
b 

and ideal Carnot efficiency of 82. A% is obtained. Iliis simple calculation 
neglects all tliermodynamic irrever.sibil it ies and heat losses. Ilie point is, 
however, that this high efficiency is the result of the higli temperatures 
produced in the gaseous-core nuclear reactor. If 71% of the Ideal C.irnot 
ef f Ic iency could be achieved In pract let* (typic.il In power plant liesij’.n), .i 
system efficiency of about b1% would result. I'uit her more , It 11% ol the 

reactor power is used to circulate the gaseous fuel and working luel this 
leaves an overall plant efficiency of 10%. A power plant with this efficiency 
would reduce the amount of heat wasted to the environment by about a factor 


of two over present-day power plants. 
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Figure 4. Schenatic Diagram of Gaseous-Core Circulating Fuel System 
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Tlic* J wo IIII'IIM riidliiM coio I (>l li>c( fil l>y O.S iimMits dI 1),() ;i 

minimum of 14 kj; of to m;ilntnin critioailly in (In* rold, rlt*an coiulltiun. 

Duo lo Llio buildup of IiM{:ioii product polsooM at liol , opcr.it iiip, conditions, 

additional fuul must be added to compensate for this nej'.atlve reactivity effect. 

2 35 

Thus, a mass of 140 kg of U F, (in 6% enriched UF, ) is maintained in the core 

0 b 

at any particular Instant in time. Control of excess reactivity is by means of 

adjustable control rods located in the ^;raplllte rel lector and l>y the addition of 

burnable poisons In the D 2 O. Fine reactivity control would ideally be throuj;l> 

the use of these burnable poisons; specifically radioactive waste products 
129 

such as 1 , continually dissolved and burned in the D.^O. 'nu* coi\trol rods 

would then only be used for startup and shutdown control. Further reactivity 
control would be aserted tlirough tlie addition of burnable radit)active wastes 
in the 16 target ports. These ports, located a distance of 12 cm into the D^D 
reflector-moderator, would be used to load and transmute .ictlnlde wastes wljich 
are not suitable for dissolution in the moderator. Tl>e large negative tempera- 
ture coefficient associated with the gaseous fuel density, and the Doppler 
coefficient of the 6 percent enriched fuel should make the reactor both very 
easy to control and inherently sa‘’e. Kmergency sliutilown control is provideil 
by injection of lil.-’h-pressure , gaseous ii^^F.^ (tliermal neutron absorption cr«)ss 
section, 3813 barns) directly into the core. 

Let us now consider the waste t ransmutai ion aspects oi the proposetl 
facility. Mention has been made of loading radioactive w.iste iodine-129 in 

the D^O reflector-moderator and actinide wastes in tlu’ target ports ot the 
129 

reactor. Waste 1 could be loaded cunt iiiuous 1 y at the same rate .it wliich 
it burned up and removed from the reactor. Actinide transmutation would Involve 


batch loading and subsequent recycle .alter an approprl.ile luirnont period. 


r.s 


'l1io (|ucHLluit riMitaiiiH ol liow mm*li ra<l loart i vt‘ wasli* r.iii Ik- loailnl into 

Llic reactor. Mere one would like to load the lurgeut amount poHHlIiIe without 

pulBoning the reactor out of operation. ILidloact Ive Iodine- .-idiied to l lu* 

D 2 O will primarily affect the thermal utilization factor, f. Using the known 

fuel composition and reactor configuration, values of I were computed for the 

129 

feasible concentrations of I added to the D^O. A maximum concentration of 
129 

2600 ppm of I • or about A25 kg, can be added to the D 2 O before the reactor 
becomes subcritical. 

Tlie insertion of actinides into tlie core of the reactor will have two 

complicating effects; tlie addition of fuel (and hence neiil runs) In i he form 
2A2 243 245 

of fissile Am ra. Cm , Cm , etc., and tlie addition «>f neut ron-ahsorh log 
fission products during the course of neutron exposure and actinide hurnup. 
Claiborne (4] has concluded that the effect of recycling 99.5 X of tlie waste 
actinides back into light water reactor fuels is minimal. A maximum average 
reactivity decrease of about 0.8 percent is attained in about five cycles 
through tlie reactor. Tliis reactivity decrease c.'ui be counteracted by only 
about a IX increase in the fissile material, wlilch would amount to increasing 
the fuel enrichment about 0.1%. 

M.iny of the actinides h.ive substantial therm;il fission cross sections, 

shown in Table 1 and hence, can achieve criticality if assembled in sufficient 

amounts. The only significant transplutonium actinide nuclides for whicli 

244 245 

criticality in a thcrm.'il system could occur are t.’m that cont.ilns llssile (’m 

252 2‘)1 

and Cf that contains suificlent target precursor, (;!*■ . IhuMuse of tlie very 

low potential critical imiss of Cm^^^ ("'42 g) and 01 (''lO g) the possibility 

of thermal criticality must be .intlclp.Ued and included in the design. llie 

published data of Clark (18) indicates that concentrations of 15 g/ liter for 

Cm^^^ and 6 g/llter for Cf^^^ 


may achieve criticality in .i homogeneous mixture. 


Advant acei. a nd O lKadvant am‘.s uf t l u‘ ( iaiifoun Con* K«'.u'lor Ctuirf]*! 

Compared with c«>nvent lonal solld-tam* luiclear leaetois tin* p.aseo'is rtire 
power reactor would liave several advanl .ip.es . These .itivaol aj'.es and disad- 
vantages derive mainly Irom the fact tliat the fuel Is In t lie p,.iseous state. 

A basically simpler Internal reactor core without the iu*ed lor luel |>ins, 
cladding and spacers is possible. Elimination of fuel element fabrication 
costs, UO- to UF, conversion charges would result in considerable savings 
in the monetary and energy cost of power production. Continuous replenishing 
of fissile fuel and continuous removal of fission product poisons would give 

rise to the possibility t»l continuous operation with Incieaseil luel .ind 

2 )H 

neutron economy. Due to its inherent low inventory ol II and Its high 

neutron flux, less actinide waste is generated by the IIF^^ g.is core re.ictor. 

Operating nuclear charad er 1st ics of the gas-core reactor were slmul.ited with 

the ORICEN computer code (19]. Figure 5 shows the buildup of 1 ission product 

and actinide waste in the UF, reactor .and in a typical LWK of equ.il power 

b 

output as a function of time. After three years of continuous oper.it ion the 

UF, reactor contains about one order of nvignitude less of long-lived actinide 
6 

waste than the l.WR. This behavior Is due to the steady-st .it e nature ol 
refueling oi>** rat Ions, as opposed to the "h.itch" luel lo.iilinp, li'chnlijue ol 
present day LWRs. In addition, with continuous luel (U ) .iddilion .iiul remuv 
of xenon and other volatile fission product poisons, luel hurnups i>l 250, 000 
to 300,000 MWd/MTU were ohi.iiued In the com|>uter results. Tlie pr.u tie.il dis- 
advantages ot tlie IIF^ gas-core re.ictor .ire primarily dm- to the inevit.ihle 
dissociation of the tuel and its associ.ited lluorlile compounds. Spec 1 1 I c.i I I y , 
tliey .ire: fuel dissociation, corros Ion- 1 1ml ted llletlrni- ol core .ind prlm.iiy 

system compoaents, .iiul .iccount ah I 1 1 1 v ot he.ivy-e 1 i-nient hv-pioihict lltiorlileH 
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DAYS OF FULL POWER REACTOR OPERATION 


Conparison of Radioactive Waste Productior. 
Power Reactors. 


Figure s. 


of 342 5 f^^;(t) Fission 


Ill till-' <; 1 riMi t al 1 iiK Iim'I systcni al <i|mm al I on . Ilcif iliric 

Is coiisldurablc oxpcr linicc In liandJlii}’ I l<|iild I linn lilc nails Ihmii I ln> Mnllmi 
Salt Kcnctor (MSR) program. Also oxpor Icnci* In liandllnp, IIK^^ al t hr p.amnniH 
dlffusiun plants shuuld prove extremely uselul. 


RESULTS AND CONCLUSIONS OF THE TRANSMUTATION STUDIES 


Transmutation Rates a nd Reactions 

The UF^ gaseous'corc reactor was chosen for this study as a neutron source 

because of its obvious potential for producing high neutron fluxes and generating 

useful power simultaneously. A reference reactor design was produced which 

could satisfy both of these requirements. Hie reactor power specified was 

3425 Mw(t) which resulted in an average thermal neutron flux across the core 
14 2 

of 6.44 X 10 n/cm -sec. The ORIGEN computer code [19] was then used to study 
the transmutation rates of several waste isotopes present in the discharged 

fuel from reactors of the current LWR-type. 

-ru ► 1 . I. f j t 129 . 241 ^ 242m * 243 

The waste isotopes chosen for the study were: I , Am , Am , Am , 

243 244 245 246 

Cm , Cm (Cm , and Cm . The amounts of the initial waste loading were 

determined from the composition of 20 discharged LWR fuel loads stored for a 

decay interval of ten years. The composition of the Am and Cm waste loading is 

129 

the same as that given in Table 2. The quantities of I .Am and Cm used in 
the study are approximately equivalent to the waste product in 60 reactor 
years of operation. 


In calculating rates of transmutation it is necesjiary to cliarart er l/.i* the 
neutron energy spectrum of the reactor and the cross section dependence on 
spectrum for the particular target material. Titus the reaction rate depends 
not only on the magnitude of the neutron flux but also the shape of the neutron 
Tlie contribution of resonance energy neutrons to the reaction 


energy spectrum. 


I 


I S'» 


rale 1 h uxpruMMOil by lliu rallu ol rc:<uiiancc-lu-lliorni.il iumiIioii IIiixcm, iJi /<!>,• 

rvH th 

The rates of waste transmutation were found to stronKly depend on the value 

of 4i • 'Hie trunsmiilat Lon rate curves lor 1^^^ are .shown In Ki);ure (> 

res th 

for three values of 4> /(|>., in the ranee of Interest. In this calculation 

res th 

iA 2 

the thermal neutron flux was 6.AA x 10 n/cm sec and the initial loading is 
129 129 

AOO kC of I (the waste 1 accumulated from 60 reactor-years of LWR opera- 

129 

tion). The effective neutron capture cross sections of I for the values 

of /<P , • 0.058, 0.29 and 0.58 were calculated to be 20.6, 32.3 and A6.9 
res th 

barns, respectively. 

1 A 2 

For the specified neutron flux of 6.AA x 10 n/cm^sec, transmutation 
rates of 68 kC/yr, and 77.6 kG/yr were calculated using the values of '^’j-es^'^th 
■ 0.058, 0.29, and 0.58, respectively. 

The calculations for actinide transmutation were performed in a similar 
manner, llie calculated transmutation rate curves of americium wastes for 
^ “ 0.058, 0.29, and 0.58 are shown in Figures 7, 9, and 11, respectively. 

1T6S lH 

The same curves for curium wastes are shown in Figures 8, 10, and 12 respectively. 
It should be remembered in examining these curves that the Am and Cm wastes 
were irradiated at the .same time in the neutron flux. Furthermore, these 
curves are the total waste composition of the initial waste loading plu^ the 
actinide by-product waste produced by fuel burnup in the UF^ gaseous core 
reactor. It was felt that this would more realistically take into account 
the waste produced in affecting the transmutation process itself. 

Tl>e curves presented in Figures 7 through 12 can be better understood 
with the aid of the cross section data presented in Table 3. Hie capture-to- 
fission ratio, a ■ o^/o^, is important in actinide transmutation. The relative 
probability that a compound nucleus decays by fission is 1/(1 u) , and the 
relative probability that it decays by emission of capture Y~rays is 'i/ ( 1 4- u) . 
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^res^'^th “ 0*058, 0.29, 0.58. 
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, Americium waste transmutation versus irradiation 
time for ♦res^'^th " 0*058. 


Figure 7 
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6.44 X U) n/cm -occ 



Figure 0. Curium wa»te transmutat ion versus irradiation 
time for “ 0.058. 
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Figure 9 . Americium waste transmutation versus irradiecJ n 
time for ♦j.gs^^th “ 
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• Americium waste transmutation versus irradiation 
time for = 0*58. 


Fiaure 11 
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Figure 12. Curium waste transmutation »;ersus irradiation 

time for (J> = 0.5H. 

^res' ^th 


TABLE 3 


EFFECTIVE (n^y) AND (n,f) CROSS SECTIONS (in barns) 
FOR Am AND Cm WASTE ISOTOPES FOR THREE VALUES 
OF RES = 0.058, 0.29, AND 0.58 


Nuclide 

’o 

y 

RES = 0.058 

a 

eff 

o 

Y 

RES = 0.20 

a 

0 

If 

RES - 0.58 

a 

241 

Am 

707 

4.17 

169.5 

1210 

4.17 

290.2 

1830 

4.17 

438.6 

. 242m 
Am 

1260 

3780 

0. 33 

1260 

3780 

0.33 

1260 

3780 

0. 33 

» 243 
Am 

153 

0.37 

413.5 

501 

0.72 

695.8 

936 

1.15 

813.9 

^243 

Qn 

155 

485 

0.32 

271 

914 

0.30 

416 

1450 

0.29 

^244 

Cm 

44 

1.48 

29.7 

195 

4.38 

44.5 

383 

8.01 

47.8 

0-245 

Qn 

223 

1150 

0.19 

251 

1420 

0.18 

286 

1750 

0.16 

^246 

Qn 

7.81 

0 


35.9 

0 


71 

0 
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TIiiim ji IiIk.Ii Vii I m* «>l <( imsiiiM /i low |ii (•li.ilt I I 1 1 y ul I liiiilnii I >• I low ihmiIioii 
al)Hoi'|''L Ion, il (.'(Hivfi Hi'ly, a lt>w value ol it nieauM a |>i ohali 1 1 I ( y ol 

f ission. 

I'rum Lite data In Table 4 the major ruacLlun paths can be ideal II led. Tlie 
major reactions for the americium isotopes are 


A 241, 

Am (n,Y)> 


242m 
rAm (n,f) 


, 242, 243 

Am (n,Y)Am 


and 

243 244 

Am (n,Y)Am (n,f) . 

243 243 

Tlie saturation behavior of Am is due to by-product Am produced by succes- 
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sive (n,Y) reactions in the U present in the fuel of the reactor. The 
major reaction paths at the curium nuclides is not so readily identifiable. 

It can be said, however, that successive (n,Y) reactions on the curium iso- 
topes are responsible for the production of significant amounts of nuclides 
with mass number greater than 244. The production curves for significant 

transmutation by-products with A ^ 247 Is shown 'j> /<!> = 0.2*7 and U.5H in 

res th 

Figures 13 and 14, respectively. Tlie by-product production curve for 
= 0.058 has been omitted because the quantities of tliese Isotopes produced 
in this case is at least two orders of magnitude lower than in the others. 


Tlie Effect of Trans mutation on the Hazard Potential of R.idloactlve Wastes 

The relative inhalation hazard (Klllii) and the relative ingestion haz.ird 
(RICH), arc quantatlvc measures of the potential danger which could result 
from release of radioactive wastes into the environment. The success of .i 
particular transmutation scheme can be Judged in terms ol the overall reduc- 
tion in the values of the RICH and RIHH following transmutation. 

30 
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Figure 14. 


Transmutation by-product 
irradiation time for 

^res 


oroductiori 

= o-« 


versus 


'Hu* ofrci'l of I rriiuiiiuil Jil Ion on I In* niiclldi* Klllll and KKdl oi I 
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shown in Figure 13* The first secClun of the abscissa uf tills figure repre- 
sents the reduction in the hazard measure due to tlie five year irradiation 

at <|> . “ 6.AA X 10^^ n/cm^sec for the three values of 4» /4» , • No 

th res ^th 

nificant reduction in tlie hazard measure occurs after irradiation due to the 

6 129 

15.9 X 10 year half-life of I . The top curve in this figure shows the 

129 

hazard measure of I with no transmutation after fuel reprocessing. In 
129 

the case of I the curves shown represent the total hazard measure since 

no by-products with significant radioactivity are made from tlie initial 
129 

loading of I 

Figures 16 and 17 show the effect of transmutation on the total actinide 
RIIIH and RICH, respectively. The first section of the absclss.a of these 
figures represents the reOuction in the total actinide hazard measure resulting 
from transmutation of the quantities of americium and curium waste described 
in Figures 7 through 12. The three lower curves in Figures 16 and 17 are the 
liazard measure of the transmuted actinides (including by-products) plus the 
hazard measure of the burned nuclear fuel with 99.5 percent of the U and Pu 
removed at the end of the five year Irradiation. Tlie upper curve in both 
figures represents the hazard measure of all actinides (with 99.5 percent of 
the U and Pu removed) generated in 60 reactor-years of LWR operation. The 
differences in the shape of these curves represent the varying isotopic compo- 
sitions of the irradiated and unirradiated wastes. 

Economic Consideration s f or Transmutation of Rad ioact 1 ve Wastes 

The cost of neutron-induceu transmutation of radioactive waste is pri- 
marily the cost of producing neutrons. The major factors which govern 
the cost of neutrons are: reactor fuel and associated costs; plant deprecia- 

tion including interest charges; and sal.iries, taxes, maintenance and general 
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Figure 15. Iodine-129 Hazard Reduction 
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Figure 16. Total Actinide RIHH Reduction Following Transmutation of Am and Cm Wastes. 
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operating costs. Tlie cost of trnnsmutnt inn would also hr a function of plant 
output because the sun of the plant costs listed above would remain fairly 
constant over a wide range of output, with fuel costs hoing the major variant. 
Plant > Jtput is determined by: reactor power, operating crficlency, and neu- 

tron utilisation. 

For large-scale transmutation of radiactive wastes in the 1980s and beyond, 
the price of target material will be determined primarily by costs associated 
with chemical separation from power reactor fuel residues. Estimates of unit 
recovery costs extrapolated to the mid-seventies for actinide targets and 
fission products are listed below [20]: 

Comparison of Chemical Recovery Costs 


Actinide Targets 

Fission Targets 

^241.20 

'^$3l/g 

137 

(.8 

'^$10/g 

j.^242,244 


c ^0 

Sr 

'v-$16/g 



jl29 

''•$l0/g 


As available quantities increase in the late seventies, and If a need for 
recovery of these materials is established, unit recovery costs could be re- 
duced further. 

Aside from developrcntal costs, several economic factors arc in favor 
of the UF^ gaseous-core reactor for use .is a duel-purpose power reactor-trans- 
mutation facility. Fabrication of power reactor fuel elements accounts for 
about 40 percent of t fte total fuel cost |2I) and chemical processing for about 
another 15 percent. Elimination of fuel fabrication costs and reduction in 
cliemical processing costs could lower fuel costs by 45 to 50 percent of the 
OF, reactor. Increased operating efficiency resulting from continuous opera- 
tion and increased neutron utilization resulting from continuous removal of 


t 


MU 

rifOllon profilirt pnlfiniiM ronlil ri'inill In lownt ikmiI mmi riinln | Iniii nl hn ti’.ii I or 
conruptH. If Rftlahh' power Im p.nirrolrtl In ilie le/iri or i In* onh Ip.oeil o«*oii«iu 
coat could bo lower at 111. 

Conciuaions and Reconaacndatlona 

This study has attempted to ascertain tlie reaslblllty of nuclear trans- 

■utation in a UF^ gaseous-core reactor. Some specific conclusions were obtained 

129 

in the limited time available. Transmutation of 1 by a five-year exposure 

14 2 

to a thermal neutron flux of 6.44 x 10 n/cm sec results in nearly order-of- 

magnitude reductions in the waste inventory of this nuclide. This reduction 

in inventory results in an order of magnitude decrease in the hazard potential 

129 

of fission product waste 1 . A five-year transmutation of americium and 

curium wastes produces or der-of -magnitude decreases in the overall hazard 

potential of actinide wastes generated in 60 reactor-years of LWR operacion. 

The actinide results are in approximate agreement with those obtained by 

Claiborne [8]. It was found in this study that increased values of the 

rcsonance-to-thermal flux ratio. ^ moulted in increased rates of 

f c n 

129 

transmutation and increased reductions in hazard potential for both I and 
the actinides. A rough breakdown of transmutation costs seems to indicate 
that the UF^ reactor could be competitive with other transmutation reactor con- 
cepts. 

Any study which attempts to determine the feasibility of a concept generally 
raises more questions than it answers. Several questions were rained during 
tl«e course of this study. 

Would recycling previously transmuted wastes 
accomplish further decreases in the hazard 
measure of actinide wastes? 

What is the effect of varying the Irradiation 
time on the Inventory or hazard potential of 
actinide wastes, i.e., would three years 
irradiation accomplish the same effect as five 
years irradiation? 


11h* I C('IiiiI«|iic <il t rniiHimil .il Ion rot|iilroH liirllii’i Hlmly. Oi iior 

long-lived IsotopoM should be exaained for feasibility lor the t run smut ni Ion 
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process. One such Isotope which My prove feasible Is 2.11 x 10 year 1V 
It Is present in significant quant^.ties In fission product wastes and has a 22 
barn thermal neutron capture cross section and o 92 barn resonance integral. 
Further investigation into the process of neutron-induced transmutation mav 
lead to realization ol a practical method for disposal of long~livetl radioactive 


wastes. 
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1. StWage Fee Analysis for Comm:;r^oI 
High-l\vel Wastes, Ji. />. i'irfil (Alij/i'O), 
invited 

Durini; 1!)^ a .study wa.s cumpli 'ril lullin' AIT to 
(icvrlop anil Ic'V a fnrimila fur in 'i-n.iinity' ,i ■iDr.i;'.*' l<-o 
to lx- rluu [;i’d '\iinicri'inl luirli ar I'lii'l v^'i riii cssui s Tor 
storiiiR their liii,\rlevol wa.sles in ^iiTunK'iil rc|>.is- 
itoi'ics. The stora;;\feo fornnila is p^diiMl'sl on fnll-ro.d 
reroverv to tlie nov^inienl lor i^onorai in;t ami capiial 
costs direelly relalcX to its ufoposei'! aasle .sloraj;e 
oiioralioius. It is assumed thaiXiaiulanii -isl cani.sli r.s of 
'•vastes (tenerated lliroutJlW the year I i'tH' I'dl lie plaeed 
into a Retrievable Surfaiy Stor.i;;e KaeiMv for some 
interim period, possiblv ^o\r. and lien i ran.sierrr-d lo a 
more jicrmancnt rciK)S*<t>ry. \ i.s a; .sinned ihal a one- 
time slorapo fee is t^rged at\jie ti ne the eanisier i.s 
received fur storagiy 

It was found tlutt the fee nnisl eonVin h'o eoiii|Hmenis: 
.1) a conii>oncnt4hat eover.s Ihe earner’s .share of con- 
structing and^ierating the Rt>.S'r lo ihAnionil iiiieri- it is 
tilled toexpiVfed rapacity, and (b)a eonipiiVnl ereal in; an 
"eadowmei^' fund who.se earnini’.s nivcr: nJ Ihe costs of 
the \QV-v survcillanee at Ihe UtsSf. (lil llV Iransiliun 
costs of construcling the moic pernianenl Xo'positoi-y 
for tl^se r.ani.slcrs, of transforring l•.llllster\ to Unit 
rcjiiyilory, and of dceomniissionpig the K.SiiK. and hui) the 
iiccpetual snrvcillanre costs at the m-w re|ioi-iioiV It 
'y(s found that the most important flelermm.nil or\lie 
Storage fee i.s tlic co.sl of tlie inlerim fm ilil v. ’I lie in- 
most iiiijKirtant is the spread between cost escalation rati- 
and endowment fund earnings (interest) rat". A simplified 
version of the formula is used to denionsIraU' lliese 
'liuhngs. 


active wa.sle disposal by nuclear Lransniulatiun was 
considered. 

Several >-i ilical ga.seinis Ul',. as.seniblic.s have been 
built lo dale' and an advnnecd jirolotypc is presently 
under construction.^ Operating tenipcraturcs as high as 
IHOO K and neutron flu.\es uf U)''’ r. 'lem’ see) are eon- 
suiered feasdde.’ Due to its liigh o|)crating temperature, 
u e gaseous- core reactor would be an effective power 
generating system, while at the same time radioactive 
wastes could be transmuted in llic large irradi.atum 
volume available in the core of tlie UFh reactor. Several 
optioiiH are availalile for loadaig wa.sle into the reactor 
depending on the eliemical form and eomposition of the 
waste. Tlic results reiiorted in this iiaiier were obtained 
by modifying the OIUCfIN code' in a way that it could be 
applied lo the UF„ gaseous- core reactor. Continuous fuel 
addition and removal of volatile fission products was 
simulated in these ealcutations. 

Due lo the inherent low fuel mass and higii neutron 
flu\. le.ss total radioaelivc wasic i.s I'.eneraled by Ihe UI',, 
gas-eore reactor. Figure I shows the buildup of I'..'-' i"ii 
product and aelinidc waste in the UFs reactor .iml in 
a tviiieal LWR of equal power output as a fuuivt.in of 
lime. After llim'c years of eonlnnious o|)eralion, the UF., 
reactor contains about one order of m.'igmtudc less of 
long-lived aelinidc wa.sle Ihiui the LWR. 

Fipire 2 slums Ihe ease where Lie UF,i reactor has 
been imliallv loaded willi .several long-lived radioactive 
wastes (ol)l.oiicil from othei’ reactors) and operaieil eon- 
timially for several years at a neutron flu.v of C.-l-l • 10'’ 
n'feni'' see) MW(lh). OO-alni fuel gas pressure. 

O n “’ ll fuel j. In all ra.ses the eonlenl of wasi e.s ha.s bcea 
deere.'ised by more than an order of magnitude in three 
years. 


2. Nuclear Waste Disposal Utilizing a Ga^- 
cous-Core Reactor, /?. Pairniosirr, M. f. 
Ohaninn, R. T. Sduicuicr (U of ]-'ln) , K. 7'lioni 

msA) 

Public opinion insists on alleni.ile oplion.s. {'lie r Ihae. 
the one.s presently aeee|ited as leeliiiieall;, fis. .ible, for 
'.li.siHisal of railiii.ieti ve waste, p.ii tieiilai ! • lor llio.se i.'^o- 
lojies with half-lives of several Ihoiisaiuls of yi:o.s. line 
of the recently itrnposrd option.'-' is wehe ib -po.sal by 
laiiiieed nuclear transiniilation. .Since maiiv loiic.-livofl 
'Mste isiiloiies have aiipreeiabie iieiilroii e iphire aiiil or 
fgs.sion eros.s .seel tons, they ran lliereloi e bi- li aii.siiinli'd 
mio other faster decaying or .slaliU' isotopes b> iii'iilron 
iriadialion. The kev ret|iiireniei,i for suece.ssful Iran;— 
anitatmii is the availability of a high neutron flii.v. K.'olie 
re.ictors devclojicd for S|)ace pro)iulsion can fulfill fins 
i'i'i|uireniont. Of these, UKr, cavity reactors arc elo.sest 
:o icchnieal feasibility. 

This summary jircsents the results of a .study in wliieli 
the application of a UFn gaseous-core reaeior for r.idii'- 


'riius. .he UF,. gas-eoie reactor is allrarlive froiu 
the vi* '.'iHiiiil llial it lias a .significantly lower .I' iimrie 
inventory than pri .sent-dav I iglil - water re.'iciors. h' 
additmn. the (lispij.sal of radioactive wastes by imiueeu 
tran.snnilalion in the UF,, gas-eore reactor e.tn be a viable 
alternalive to Ihe problem of waste di.sposal. 


1. II. C. CI.AlItORNl'l. •■Neulron-Indured Transmvilal ion 
of High-Level Raflio.ietive Wa.sle." l)K,NL-TM-3&01. 
Oak Rulge National Lai). (Dee. IP',’2). 

2. .1. K. KI'N/.I':. .1. II. LOFTIIOrSi;, C. 0. COOl’KR. and 
H. II. HYLAND. Itenihmai'k Gas Core Critic. i. K.\- 
pcrimenl," Siirl. Sri. I’Sit;., ^7. by (1'J72). 

3. K. TllOiU. K. T. .SCIINFlDKIi. and F. .SOiWLNK. 
‘■physical I’olenlials of Fis.sionnig I’la.sinas fur dpaeu 
Power and Propulsion," 2^111 Ini ern.il lonai Aslronauti- 
eal Conc.re.s.s, Ani.slerdain. .Nclherlaiuls (fje)). lyV'i). 

*1. M. .1. ni'ILI,. "ORIGKN-Thc Oak Kidge Isot.qic Gen- 
eration ami Depletion Code." OUNL-'lG28, Oak Ridge 
National I .ib, (M.iy 1S)73). \ ' 
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Kip. 2. Waste burnout vs irradiation time at o » G.44 x 
10“ n, (cm’ sec) in UF» paseous-rore |K)wer re- 
actor. 


3. ^election of Significant Elements and Rq- 
dioniiclidoi for Waste Management Assess- 
ment. E. A. Whan (1/ of NM) 

A.s.si'.s.Mfvciil •>! Iiii'.li- Irvi'l railiwaclive wa.sa- manape- 
ment coiio iiitiiiii-;. lll.■ladt‘(l exammatii^ of relcaM- 
and eiivii ii'.ins|niri luei'lianisms /for radi.tnu- 

rlides 111 a .v.i\.i nt|i.i.sii. (‘alruiatinns ^ny (lie OKiCKN 
Cuite'' iiulaMii a^rnMiu.ili-iv 2 oo railiimyt'liile.s are pres- 
eiit at ine liiiu' V. .‘.ep.iraUiiii in I'liol re|mu-essed .it 
1 GO days. A srri i ii\ji,' nn iliiiil S'. |)n;l<ii.sed to determini' 
llie liuisi .sip.iiiiii aiiiV'li'iiieius and/mirliiles present in 
e'.icit time nili i'i .n. iiiVdiiiiine, iiull^ip of aetinide ilaupli- 
ters. dui'ini'. iuni'.-iei'iii f\irar.e. - 

Several imiexe.s lur e.'t\jiiali/i; tlie relative hazard uf 
radimiwi'l ides liaie lieen pri\»</ed. ineliKlinp tlie ililnliun 
viiltinie liti/ard iiieasiire ii::ei| Kviensively at the Dak Kirlpo 
Ntitiiinal l.alHir.<iiir\ ''' Tin;/ nV a.-aire. in iiinls ol in'', i.s 
llie rat III nl ..i li\it> im' eae/l .nnVi^le in .1 piVtii (|u.iiitity of 
waste til till • iiiTi'.s|iiiiidiy^' itt'ti v.iliie fur air or w.iter. 

■I'i'.y;' 

i./in 


lor inlialalioi 
.screeniii;’, leel.iiiipii 


<iii|' 


lia/tVd. respeelively. A 
lliis index IS projMi.sed ns 


follows: 


1. At e.ii'li nine /i the e>lfU>i-!N oiitpiitSlahles of mpes- 
lion ha/.ard. ;.i leet /in- Inn e ii;..-.niii prodLii\^e/i'n/<'n/x and 
the three In .ity /iit i.ii ilittiiitls eoiiipi'i.sin^ the larpest 
ha/ard. 

2. At eai'l/l inn , .' eleel all isii/(i/ii'x that riVJleetively 
^••lnlprl.M‘ iiyt r !H» .1 n| the ha/ai'tl for eaeli of l\e three 
1 /. .di'M/s l/iiiii I aeh e.il epory. wliieli are sipiiifieai\>// llir 
Iniir. / 

Seleeliyiis i...nie at eai h lime .i.'-.siire represent..! 1011 Viir 
radia^on h.i/aril ovei the whole lime ranpe from sh\it 
let'll/ III loiip lirm. Klemeiils have sipnifieanee as illy 
first seli'iiion .step lieeaiise eoiieenl ralions in waste, 
options lor varynii; ilu se loin'enl rat ions in reb|H>nsi to 


